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Abstract 1 
The surface and interface of poly (2-hydroxyethylmethacrylate) (PHEMA) and anodic 2 
aluminium oxide (AAO) membranes were comprehensively investigated using Near Edge X-3 
ray Absorption Fine Structure (NEXAFS) spectroscopy. It was found that 1s →π* (C=O) and 4 
1s →σ* (C–O) transitions were dominant on the surface of both bulk PHEMA polymer and 5 
PHEMA-surface coated AAO (AAO-PHEMA) composite. Findings from NEXAFS, Fourier-6 
Transform Infrared (FTIR) and X-ray Photoelectron Spectroscopy (XPS) analyses suggest the 7 
possibility of chemical interaction between carbon from the ester group of polymer and AAO 8 
membrane. 9 
 10 
Keywords: Near Edge X-ray Absorption Fine Structure Spectroscopy; Poly (2-hydroxyethyl 11 
methacrylate); anodic aluminium oxide membrane. 12 
 13 
1. Introduction 14 
Anodic aluminium oxide (AAO) membranes hold good prospect for various industrial 15 
applications due to their unique properties such as the highly-ordered pore structures, uniform 16 
pore size, controllable pore geometry and high surface area [1]. However, surface 17 
modification or functionalization of AAO membrane can be expected to significantly widen 18 
application scopes especially for biomedical applications. Polymer-modified AAO 19 
membranes have shown improved binding capacity, selectivity, biocompatibility, stability 20 
and lubricating properties in comparison to non-modified AAO membranes. Such surface-21 
tailored AAO membrane renders it an excellent platform for drug delivery and biomedical 22 
applications. 23 
Polymeric materials offer a number of advantages such as the ability to modify 24 
mechanical properties, degradation kinetics and moulding flexibility in accordance with 25 
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specific requirements [2]. Poly (2-hydroxyethyl methacrylate) (PHEMA) is a polymer that 1 
can form hydrogel in water. PHEMA and PHEMA-based composite materials have proved to 2 
be of great importance for biomedical applications due to their chemical versatility and 3 
biocompatibility [3].  4 
Their lower modulus and strength, however, are often disadvantageous in bio-5 
applications. Therefore, attaching PHEMA on porous AAO membrane could potentially 6 
improve their mechanical strength [4]. It is notable that, insofar, the surface and interfacial 7 
properties of AAO-PHEMA is scarcely studied and a detailed study of the surface chemical 8 
composition and embedded oxide interface is timely. Herein, we employed Near Edge X-Ray 9 
Absorption Fine Structure (NEXAFS) spectroscopy to investigate the surface/interfacial 10 
chemical composition of PHEMA and AAO-PHEMA complemented by X-ray photoelectron 11 
spectroscopy (XPS) and Fourier Transform Infrared Spectroscopy (FTIR).   12 
 13 
2. Experimental Methods  14 
2.1 Membrane preparation 15 
PHEMA was obtained from Sigma (USA). AAO-PHEMA samples were prepared by 16 
using a dip-coater (Dip Coater TLO.01, MTI Corporation). Prior to the dip-coating process, 17 
AAO membranes (Whatman Anodisc 25, pore size 100 nm, thickness 60 µm) were cleaned 18 
and sterilized in a solution of 30% H2O2 and milliQ water at 50oC, respectively. 19 
Hydroxylated AAO membrane was then immersed into the PHEMA solution (1w/v% 20 
PHEMA in 50% ethanol) and removed vertically at a speed of 50 mm/min. 21 
 22 
2.2 Characterizations 23 
Characterization of PHEMA and AAO-PHEMA were conducted using Field 24 
Emission Scanning Electron Microscopy (FESEM) (Zeiss Neon 40EsB) at 5 kV with in-lens 25 
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detector. NEXAFS measurements were carried out on the soft x-ray beamline (SXR 14-ID) at 1 
the Australian Synchrotron equipped with an Apple II undulator. The photon flux on the 2 
beamline ranged from 1.3 x 1011 photons/s/200 mA with an energy of 550 eV and photon spot 3 
size on the sample was approximately 0.6 × 0.6 mm. Carbon (C) (1s) total florescence yield 4 
(TFY) and partial electron yield (PEY) spectra were acquired with and without the activation 5 
of flood gun respectively, at a photon energy range of 280-320 eV. These high-resolution 6 
spectra were collected using SpecsLab2 (Specs, Germany). The sample signals (Isample) of the 7 
TFY and PEY spectra were normalized to the flux curve (Io) which was detected by 8 
measuring the photocurrent from a gold mesh mounted behind the exit slit of the 9 
monochromators. PEY sample current was further normalized to the gold mesh sample. This 10 
double normalization was necessary because of the presence of carbon in the beamline 11 
optical components and the gold mesh. XPS analyses were performed on a Kratos-Axis Ultra 12 
spectrometer (Kratos Analytical, Manchester) using Mg Kα (1253.6 eV) radiation with charge 13 
neutralizer. Standard settings of the electrostatic lens magnification magnification (Hybrid 14 
mode) and analyser entrance slit (SlotM mode) were selected to obtain reliable spectra of 15 
high quality. The X-ray source was set at 12 kV and 12 mA. High resolution core level 16 
spectra of C were obtained with pass energy of 10 eV and step size of 0.1 eV. FTIR 17 
measurements were performed using a Perkin Elmer Spectrum 100 instrument with an 18 
accessory for attenuated total reflection (ATR) (Perkin Elmer Precisely, USA). FTIR spectra 19 
were then recorded with resolution of 2 cm-1. ATR correction was performed for each 20 
spectrum. 21 
 22 
3. Results and Discussion 23 
3.1  Morphology characterization and NEXAFS Study 24 
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The dip-coating of AAO membrane into PHEMA solution results in a uniform layer on 1 
AAO membrane surface as can be observed from the micrograph in Figure 1(a). A layer of 2 
PHEMA film approximately 500 nm thick was observed to coat on the surface of the AAO 3 
membrane.  4 
Figure 1(b) shows the chemcial structure of PHEMA which contains carbonyl and 5 
hyroxyl groups. To obtain further insights on the chemical interaction between PHEMA and 6 
AAO membrane, investigation using NEXAFS was conducted to measure the electron yield 7 
and fluorescence yield as a function of the incident photon energy. TFY C 1s spectra in 8 
Figure 1(c) reveals two lower energy features at 285.4 eV (i) and 286.5 eV (ii) which can be 9 
assigned to π* transitions of methyl and ethyl substitute groups on the PHEMA polymer [5]. 10 
It should be noted that π* transition peaks at 288.2 eV (ciii) for PHEMA and 288.4 eV (dii) 11 
for AAO-PHEMA correspond to the 1s →π* (C=O). The TFY spectrum of AAO-PHEMA 12 
shows a decrease in yield at ~285 eV. As previously highlighted by Tamenori et al. (2011), 13 
this phenomenon can be a consequence of the change of total photoabsorption coefficient and 14 
the change of fluorescence decay probabilities [6]. A small peak is observed at 287.5 eV 15 
(Figure 1(di)) and this could be attributed to σ*(C–H) resonance. It is interesting to note that 16 
peak at 291.6 eV (Figure 1(diii)) is only present in AAO-PHEMA but not in the bulk 17 
polymer. This peak can be assigned to 1s →σ* (C–O) [7]. This observation suggests that the 18 
O–C=O bonds are involved in the interaction between the polymer and membrane. 19 
Figure 1 (e) and (f) show the PEY C 1s curve fitted spectra of PHEMA and AAO-20 
PHEMA. PHEMA and AAO-PHEMA show strong absorption bands at 288.2 eV (ei) and 21 
288.4 eV (fi), respectively. These two peaks are attributed to the 1s →π* (C=O). It should be 22 
noted that σ* resonance due to C–C usually appear around 291 and 292 eV. However, this σ* 23 
resonance peak tends to have relatively low intensities and is often poorly resolved. They are 24 
also largely overlapped by the σ*(C–O) resonance [7, 8]. Therefore, peak appeared near 25 
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291.8 eV (eii) for PHEMA and 292.7 eV (fii) for AAO-PHEMA are assigned to 1s →σ* (C–1 
O). There is a 0.9 eV shift to higher photon energy for this transition when PHEMA is coated 2 
on AAO membrane. The peak shifts suggest changes in chemical bonding environment and 3 
these bonds are involved in the membrane-polymer interaction.  4 
 5 
3.2 XPS analysis 6 
To further confirm the identity of the functional groups present on the surface of the 7 
AAO-PHEMA composite, we subjected both samples to high resolution XPS. Generally, 8 
from the XPS C 1s spectra in Figure 2, the intensities of the peaks assigned to oxygen 9 
functional groups increase after dip-coating PHEMA on AAO membrane. For PHEMA 10 
spectra, decoupled peaks are resolved at 285.0, 286.4 and 288.9 eV. These peaks correspond 11 
to the aliphatic carbon (C–C, C–H), C–O and O—C=O groups, respectively. For AAO-12 
PHEMA, decoupled peaks appear at 285.0, 286.6 and 288.7 eV, and these peaks are 13 
attributed to the same oxygenated groups found on PHEMA despite the slight shift towards 14 
higher binding energy. This positive shift suggests changes in the chemical bonding 15 
environment as there are greater interactions between the atoms. An additional decoupled 16 
peak can be fitted at 287.6 eV for AAO-PHEMA, suggesting a shift of some of the ester 17 
carbon (O–C=O) to lower binding energy region [7]. This indicates a possible interaction 18 
between C atoms from the ester group (O–C=O) of the PHEMA and AAO membrane. 19 
 20 
3.3  FTIR analysis 21 
To establish the chemical functional groups of the bulk samples of PHEMA and AAO-22 
PHEMA, we subjected both samples for FTIR characterization. A control AAO membrane 23 
was also characterized under FTIR. Only peak associated to hydroxyl (~3400 cm-1) group is 24 
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observed whereas functional groups such as carbonyl, ester and carboxylic acid were non-1 
existent on AAO membrane. Therefore, this shows that carbon functional groups on the 2 
membrane-polymer composites can be solely attributed to the presence of the PHEMA 3 
polymer. Figure 3 shows the major characteristic peaks of PHEMA and AAO-PHEMA which 4 
are in agreement with Perova et al. [9]. Generally, FTIR investigation did not reveal any 5 
particular chemical structural differences between the PHEMA and AAO-PHEMA (Figure 6 
3). Table 1 lists the peak positions of the functional groups present in both samples. Both 7 
samples depict the presence of vibrational bands in the hydroxyl (~3400 cm-1) and carbonyl 8 
(~1720 cm-1) stretching regions, stretching of O–C–O group (~1206 cm-1) as well as bands 9 
between 2600 and 3050 cm-1 associated with the symmetric and asymmetric C–H stretching 10 
vibrations of –CH2 and –CH3 groups. Notably, some bands are absent in PHEMA but present 11 
in AAO-PHEMA within the fingerprint region, e.g., spectral bands between 917-856 cm-1 12 
labelled as (k) in Figure 3. Another band appearing at 751 cm-1 for AAO-PHEMA membrane 13 
indicates that the ester bonds may be involved in the interaction between AAO membrane 14 
and polymer film at the interface. This further supports the findings of XPS and NEXAFS 15 
which suggest the interaction of PHEMA and AAO membrane through ester carbon (O–16 
C=O). 17 
 18 
4. Conclusions  19 
PHEMA and PHEMA-coated AAO membranes were studied using NEXAFS, XPS and 20 
FTIR. Additional peak appeared at 291.6 eV and peak shift of 1s →σ* (C–O) in respective C 21 
1s TFY and PEY spectra of AAO-PHEMA suggest the involvement of ester group of 22 
PHEMA and membrane. XPS spectra of AAO-PHEMA exhibit increased in oxygenated 23 
group peak intensities and lower binding energy shift of ester carbon (O–C=O). Shifts of 24 
peaks to higher frequencies and new peak appearance of C–O–C from the FTIR analysis 25 
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further support the findings of XPS and NEXAFS that the interaction is between carbon from 1 
the ester groups of PHEMA and AAO membrane. 2 
 3 
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Figure Captions 1 
 2 
Figure 1 FESEM micrograph of AAO-PHEMA (a), chemical structure of PHEMA (b) 3 
  and C K-edge spectra of PHEMA  and AAO-PHEMA in TFY (c, d) and PEY 4 
  (b, d) modes.   5 
 6 
Figure 2 High resolution XPS (1s) spectra of (a) PHEMA and (b) AAO-PHEMA. 7 
 8 
Figure 3 FTIR spectra of PHEMA and AAO-PHEMA. Inset: AAO. 9 
 10 
11 
Page 11 of 15
Ac
ce
pte
d M
an
us
cri
pt
11 
 
Table 1 Spectral band assignment of PHEMA and AAO-PHEMA 1 
 2 
 3 
4 
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Highlights 1 
 2 
AAO‐PHEMA was prepared by dip‐coating AAO membranes in PHEMA solution. 3 
Surface and interface chemistry of AA)‐PHEMA composite were studied by NEXAFS, XPS and FTIR. 4 
FESEM image was also taken and PHEMA forms a 200 nm layer on the surface of AAO membrane. 5 
PHEMA and AAO membrane interact chemically through the ester bonds of the polymer. 6 
 7 
 8 
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